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^-H ' Abstract. Studying the internal structure of exoplanet-host stars com- 
pared to that of similar stars without detected planets is particularly 

' ' ■ important for the understanding of planetary formation. The observed 

' average overmetallicity of stars with planets is an interesting point in 

II , that respect. In this framework, asteroseismic studies represent an ex- 

O ' cellent tool to determine the structural differences between stars with 

\ and without detected planets. It also leads to more precise values of 

C/3 . the stellar parameters like mass, gravity, effective temperature, than 

1 ^ I ' those obtained from spectroscopy alone. Interestingly enough, the de- 

tection of stellar oscillations is obtained with the same instruments as 

. used for the discovery of exoplanets, both from the ground and from 

^ ' space. The time scales however are very different, as the oscillations of 

0^ , solar type stars have periods around five to ten minutes, while the exo- 

\l ' planets orbits may go from a few days up to many years. Here I discuss 

' the asteroseismology of exoplanet-host stars, with a few examples. 

a\ ' 

O 1 Why bothering about asteroseismology while studying planets? 

OO . 

^p, \ I can see at least four different reasons for which astrophysicists interested in 
' exoplanets should also bother about the asteroseismology of the central stars of 
k> ^ planetary systems. 

• First reason: the observations for stellar oscillations and exoplanet searches are 
I done with the same instruments. In some cases, the same observations, analysed 
on different time scales, can lead to both planet detection and seismic studies. 
This was the case for the star /i Arae, observed with HARPS during eight nights 
in June 2004: these observations, aimed for asteroseismology, lead to the discovery 
of the exoplanet /i Arae d (Santos et al. I2004p . 

Second reason : "Some people's noise is other people's signal". Indeed, when 
searching for exoplanets, the signal to noise ratio is limited by the stellar oscil- 
lations, which appear as a noise for the radial velocity variations induced by the 
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planetary motions, while they represent in fact the stellar oscillations signal. A 
better knowledge of seismology and a better treatment of this low time scale signal 
could help determining the planetary parameters. 

Third reason: obtain precise values of the parameters of exoplanet-hosts stars. 
Asteroseismic studies, combined with spectroscopic observations, can lead to val- 
ues of the stellar parameters which are much more precise than from spectroscopy 
alone. In the case of l Hor, for example, the mass determined from spectroscopy 
and position in the HR diagram was 10% wrong (Vauclair et al. I2008p . 

Fourth reason: links between asteroseismology and planets discoveries. In two 
cases at least, asteroseismic studies lead to exoplanet discoveries. One is the case, 
already mentioned, of fi Arae. Studies of seismic period variations (the so-called 
"time delay method" ) also lead recently to the spectacular discovery of a planet 
around the extreme horizontal branch star V391 Peg (Silvotti et al. I2007p . 

Generally speaking, the goals of the asteroseismology of exoplanets-host stars 
are to derive their masses, ages, evolutionary stages, outside and inside metallic- 
ities, to compare them with the Sun and with stars without detected planets, to 
obtain hints about the theories of planetary formation and migration, and to try 
and model the oscillations well enough to decrease the " noise" for planet detection. 

2 Basics of asteroseismology for slowly rotating solar-type stars 

In solar-type stars, acoustic waves are permanently created by the motions which 
occur in their outer layers, induced by convection and related processes. The 
waves are damped, but as other waves always appear, the stellar sphere globally 
behaves as a resonant cavity, and the oscillations can be treated, with a very good 
approximation, as standing waves. 

Each mode can be characterized with three numbers: the number of nodes in 
the radial direction, n, and the two tangential numbers £ and m, which appear in 
the development of the waves on the spherical harmonics: 



Several combinations of the oscillation frequencies are used to obtain more 
precise constraints on the stellar internal structure, like the "large separations" , 
which are defined as the differences between two consecutive modes of the same i 
number, and the "small separations" , defined as: 



For acoustic modes in a given star, the large separations are nearly constant, 
and their average value is about equal to half the inverse of the stellar acoustic 
time, i.e. the time needed for the I = waves to travel along the whole radius. 

Meanwhile, the small separations present variations which are directly related 
to the structure of the stellar cores (Roxburgh & Vorontsov ll9941 Roxburgh I2007| 
Soriano et al. [2007t Soriano & Vauclair [20081) . 



(2.1) 



Sl^ = 5Vn,l - Vn-l,l+2 



(2.2) 
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An interesting tool used to compare stellar models with the observations is the 
"echelle diagram". This diagram presents the mode frequencies in ordinates, and 
the same frequencies modulo the large separations in abscissae (see Figure 2). 

3 Asteroseismology of exoplanet-host stars 

Aseroseismology of exoplanet-host stars is a useful tool to determine their internal 
structure and their behaviour with respect to stars without detected planets. Let 
us recall that, due to the present observation bias, many stars may very well 
host undetected planets. The presently detected planets have to be close to the 
stars, and their orbital plane must not be perpendicular to the line of sight. In 
this framework, the special characteristics of exoplanet-host stars compared to the 
other ones is more related to the migration process of the planets than to their 
mere existence. 

An important particularity of exoplanet-host stars is their overmetallicity, com- 
pared to the other stars and to the Sun (e.g. Santos et al. I2005p . The accretion 
origin for this overmetallicity (planet engulfment at the beginning of the stellar 
system formation) is now ruled out for several reasons. One of these reasons con- 
cerns the enormous amount of metallic matter which should be accreted to explain 
the observed overabundances. Furthermore, the accreted metals would not stay 
in the outer convective zones of the stars, but would fall down due to thermoha- 
linc convection induced by the unstable inverse /i-gradient fVauclair I2004p . The 
seismic analysis of the star t Hor (see below) also proves that the overmetallicity 
was there at the origin, in the cloud out of which the stellar system formed. 

A crucial unknown parameter, very important for the determination of the stel- 
lar characteristics, is the helium abundance. Unfortunately, helium is not directly 
observable in the spectra of solar-type stars. If the stellar systems form inside an 
overmetallic interstellar cloud, is this cloud also helium-enriched as predicted from 
theories of the chemical evolution of galaxies or not? This depends on the stellar 
mass function and there is no clear answer at the present time. Detailed seismic 
analysis can solve this question, as has been proved for l Hor: in this star, the 
helium abundance is not larger than solar, it may even be smaller (Vauclair et al. 

mm . 

Up to now four exoplanet-host stars have been observed on relatively long 
periods (8 or 9 consecutive nights) with the HARPS and SOPHIE spectrometers. 
They are: /i Arae (HARPS, 2004), t Hor (HARPS, 2006), 51 Peg (SOPHIE, 2007) 
and 94 Get (HARPS, 2007). Figure 1 presents, as an example, part of the radial 
velocity oscillation curves obtained for 51 Peg (Soriano et al., in preparation). 
Several other exoplanet-host solar type stars have been observed for about half an 
hour: they all oscillate, without any exception. 

At the present time, complete modelling has been performed for /i Arae and 
i Hor only. The models have been computed using the TGEC (Toulouse-Geneva 
stellar evolution code), with the OPAL equation of state and opacities (Rogers & 
Nayfonov I2002|, Iglesias & Rogers [199f3|) and the NAGRE nuclear reaction rates 
(Angulo et al. fT999)l . Microscopic diffusion is included in all the models (Paquette 



4 



Title : will be set by the publisher 



61Peg 




2 1 22 23 24 25 26 27 

houtis (TU) 



Fig. 1. The star 51 Peg has been observed for asteroseismology with the SOPHIE spec- 
trometer, at Haute Provence Observatory, in August 2007. The comparisons with models 
are still in progress (Soriano et al., in preparation). The graph presents part of the radial 
velocity curve, obtained during one night. The solar-like oscillations are clearly visi- 
ble. The overall decrease of the radial velocity during the night is the signature of the 
exoplanet discovered by Mayor and Oueloz flQQSI 

et al. 119861 Richard et al. '2004'). The treatment of convection is done in the 
framework of the mixing length theory and the mixing length parameter is adjusted 
as in the Sun. Adiabatic oscillations frequencies are computed using the adiabatic 
PULSE code (Brassard ll992j) . 

The only COROT main target hosting an exoplanet, HD52265 has also been 
modelled in advance before the observations, which should be done during the fall 
2008 (Soriano et al. I2007p . I give below some information about /i Arae and l Hor 

4 The saga of /u Arae 

The exoplanet- host star /x Arae (HD 160691, HR6585, GJ691) is a G5V star with a 
visual magnitude V = 5.1, an Hipparcos parallax tt = 65.5 ± 0.8 mas, which gives a 
distance to the Sun of 15.3 pc and a luminosity of log L/Lq = 0.28 ±0.012. This 
star was observed for seismology in August 2004 with HARPS. At that time, two 
planets were known. The observations aimed for seismology lead to the discovery 
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Fig. 2. Echelle diagram for tlie star /i Arae. Tlie ordinate represents tlie frequencies of 
the modes and the absissa the same frequencies modulo the large separation, here 90 //Hz. 
The symbols represent the observed oscillation frequencies. The lines represent the results 
of the computations for one of the best model, obtained with Te// — 5770 ± 50 K; 
[Fe/H] = 0.32 ± 0.05 dex; M = 1.18 ± 0.01 Mq; age 4.25 ± 0.1 Gyr. The four 
lines correspond respectively, from left to right, to ^ = 2, 0, 3 and 1. The symbols for 
the observed frequencies have been chosen according to their mode identifications (after 
Bazot et al. |2005|) . 



of a third planet, /i Ara d, with period 9.5 days (Santos et al. I2004p . More recently, 
evidence for a fourth planet has been discovered (Pepe et al. I2007p . 

The HARPS seismic observations allowed to identify 43 oscillation modes of 
degrees Z = to / = 3 (Bouchy et al. 2005). In Figure 2, they are presented 
in the form of an echelle diagram and compared with a model. From the analysis 
of the frequencies and comparison with models, the values Teff = 5770 ± 50 K 
and [Fe/H] = 0.32 ± 0.05 dex were derived. Spectroscopic observations by various 
authors gave five different effective temperatures and metallicities (see references 
in Bazot et al. I2005p . The values obtained from seismology are much more precise 
than those obtained from spectroscopy alone. 

4.1 The special case of l Hor 

Among exoplanet-host stars, t Hor is a special case for several reasons (see Lay- 
mand & Vauclair 120071 and Vauclair et al. I2008p . Three different groups have 
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given different stellar parameters for this star: Gonzalez et al. 120011 Santos et al. 
120041 and Fischer & Valenti [^0051 Meanwhile, Santos et al. 120041 suggested a mass 
of 1.32 Mq while Fischer and Valenti I^ITOSI gave 1.17 Mq. 

Some authors (Chereul et al. HM^ Grenon [MM Chereul and Grenon IMM 
Kalas and Delorn [20061 Montes et al. I200ip pointed out that this star has the same 
kinematical characteristics as the Hyades: its proper motion points towards the 
cluster convergent. Two different reasons were possible for this behaviour: either 
the star formed together with the Hyades, in a region between the Sun and the 
centre of the Galaxy, which would explain its overmetallicity compared to that of 
the Sun, or it was dynamically canalized by chance (see Famaey et al. I2007p . 

Solar-type oscillations of t Hor were detected with HARPS in November 2006. 
Up to 25 oscillation modes could be identified and compared with stellar models. 
The results lead to the following conclusions for l Hor (Vauclair et al. I2008P : 
(Fe/H) is between 0.14 and 0.18; the helium abundance Y is small, 0.255 ± 0.015; 
the age of the star is 625 ± 5 Myr; the logarithm of the gravity is 4.40 ± 0.01 and 
its mass 1.25±O.O1M0. The values obtained for the metallicity, helium abundance 
and age of this star are those characteristic of the Hyades cluster (Lebreton et al. 
[200T|1 . 

In summary, we have found from seismic analysis that this exoplanet-host 
star has been formed together with the Hyades cluster. As a consequence, the 
overmetallicity has been present from the beginning and is not due to accretion. 
The stellar mass has also been derived with a much better precision than from 
spectroscopy alone. It lies in between the two different values given by Santos et 
al. [20041 and Fischer & Valenti [20051 

5 Conclusion 

From the few examples already available, asteroseismology has proved to be a pow- 
erful tool for determining stellar parameters, in particular for exoplanet-host stars. 
The scientific community is well prepared for future observations with on-going 
or planned projects. Space missions like COROT, and later on KEPLER, are ex- 
pected to give a large amount of new data for seismology, besides planet searches. 
Meanwhile ground based instruments devoted to exoplanets like HARPS or SO- 
PHIE can be used for seismology. All these observations will give the possibility 
of using the seismic tests with a precision never obtained before. They will lead 
to better parameters for exoplanet-host stars and help for a better understanding 
of planetary formation and evolution. 

References 

Angulo C, Arnould M., Rayet M., (NACRE collaboration), 1999, Nuclear Physics A 

656, 1, http://pntpm.ulb.ac.be/Nacre/nacre.htm 
Bazot, M., Vauclair, S., 2004 A&A, 427, 965 

Bazot, M., Vauclair, S., Bouchy, F., Santos, N. 2005 A&A, 440, 615 

Bouchy, P., Bazot, M., Santos, N., Vauclair, S., Sosnowska, D. 2005, A&A, 440, 609 



Asteroseismology of exoplanet-host stars 



7 



Brassard, P., 1992, ApJS, 81, 747 

Chereul, E., Creze, M., Bienayme, O., 1999, A&AS, 135,5 

Chereul & Grenon,M. 2000, in "Dynamics of Star Clusters and the Milky Way, ASP conf. 

Series, Deiters et al. Ed.; 
Favata, F., Micela, G., & Sciortino, S. 1997, A&A, 323, 809 
Famaey, B., Pont, F., Luri, X., et al., 2007, A&A, 461, 957 
Fisher & Valenti 2005, ApJ, 622, 1102 

Gonzalez, G., Laws, C., Tyagi, S., Roddy, B.E., 2001, Astron.J., 121, 432 

Grenon, M. 2000, in "The evolution of the milky way", Matteucci & Giovanelli ed., p. 47 

Iglesias, C. A. & Rogers, F. J., 1996, ApJ, 464, 943 

Isotov, Y. I., & Tliuan, T. X. 2004, ApJ, 602, 200 

Kalas & Dcltorn 2006, private communication 

Laymand, M., Vauclair, S., 2007, A&A, 463, 657 

Lebreton, Y., Fernandes, J., Lejeune, T. 2001, A&A, 374, 540 

Mayor, M., Qucloz, D., 1995, Nature V. 78, 6555, 355 

Montez, D., Lopez-Santiago, J., Galvez, M.C. et al., 2001, M.N.R.A.S., 328, 45 
Paquette, C., Pelletier, C., Fontaine, G., & Michaud, G. 1986, APJS, 61, 177 
Pepe, F., Correia, A.C.M., Mayor, M. et al. 2007, A&A, 462, 769 
Richard, O., Theado, S., Vauclair, S. 2004, Solar Phys., 220, 243 
Rogers, F. J., Nayfonov, A., 2002, ApJ, 576, 1064 

Roxburgh, L W. & Vorontsov, S. V., 1994, Mon. Not. R. Astron. Soc, 267, 297 
Roxburgh, I. W., Mon. Not. R. Astron. Soc, 379, 801 

Santos, N. C., Israelian, G., Mayor, M., Rcbolo, R., & Udry, S., 2003, A&A, 398, 363 
Santos, N. C., Israelian, G., Mayor, M. 2004, A&A, 415, 1153 

Santos, N. C., Israelian, G., Mayor, M., Bento, J. P., Almeida, P.C., Sousa, S.G., Ecuvil- 

lon. A., A&A, 437, 1127 
Silvotti, R., Schuh, S., Janulis, R. et al. Nature, 449, 189 
Soriano, M., Vauclair, S., Vauclair, G., Laymand, M., 2007, A&A, 471, 885 
Soriano, M., Vauclair, S., arXiv0806.0235S 
Vauclair, S., 2004, Ap.J., 605, 874 

Vauclair, S., Laymand, M., Bouchy, F., Vauclair, G., Hui Bon Hoa, A., Charpinet, S., 

Bazot, M., A&A, 482, L5 

Vauclair, S., Castro, M., Charpinet, S., Laymand, M., Soriano, M., Vauclair, G., Bazot, 
M., Bouchy, F., in Corot Book, p. 



